Piezoelectric and electroactive composites are being investigated as a generation of self-powered energy harvesting devices for a wide range of applications. More specifically, three-phase piezoelectric composites are capable of maintaining high reliability, durability, and sensitivity, all while being economically feasible and nontoxic. In addition, three-phase composites can be tailored towards multifunctional applications depending on which material is incorporated as the third phase. The criteria that govern the applicability of these composites depend upon their electromechanical properties such as their impedance, resistivity, conductivity, and dielectric constant. Therefore, the present work involved fabrication of barium titanate-epoxy-zinc oxide (BTEp-ZnO) multifunctional composites, and study of the variation of their electron transport properties. The volume fraction of BT was held constant at 0.40, while the volume fraction of ZnO was varied from 0.01 to 0.10. The dipoles of the electroactive phases were aligned using a contactless corona plasma discharge poling technique. The impedance, resistance, conductance, and capacitance were measured over the frequency range from 20 Hz to 10 MHz. The geometry of the composites was measured and used to normalize the data by calculating the resistivity, conductivity, and dielectric constant. The piezoelectric strain coefficients, d 33 and d 31 , were measured using a piezometer at frequency of 110 Hz. The fractured surface morphology and distribution of the particles were observed by scanning electron microscopy.
INTRODUCTION
With the growing demand for small-scale and selfpowered electronic devices, [1] [2] [3] [4] [5] researchers are studying energy harvesters as primary and supplementary energy sources. 6 Waste energy is ubiquitous and available in many forms, such as heat, light, and vibrations, which can serve as a reliable source of energy; 1,2,4,7 however, comparison of the different types of waste energy shows that vibrations are arguably the most abundant and consistent, making them the ideal energy source for selfpowered devices. 7, 8 One method to harvest waste vibrations is to use electroactive and piezoelectric energy harvesters. Piezoelectric materials are capable of converting mechanical inputs into electrical outputs, and vice versa. [8] [9] [10] [11] They are, therefore, used in a wide variety of applications such as sensing remote signals, charging batteries, powering electronic devices, actuating mechanical systems, and resonating electrical oscillations, 7, [10] [11] [12] but are especially well suited for harvesting vibrational energy due to their high energy conversion efficiency. 3 This is due to their exceptional performance at different length scales, which provides piezoelectric materials with a high amount of tailorability. For this reason, piezoelectric materials are easily optimized towards integration into large and small systems such as large civil structures and microelectromechanical systems (MEMS). 2, 8, 11 One challenge, however, is that many of the well-studied and high-performing piezoelectric materials, such as lead zirconium titanate (PZT), are an environmental concern due to their lead content. 1, 2, 8, 11 Therefore, research over the last few years has been shifting towards leadfree piezoelectric materials, such as barium titanate (BT), bismuth sodium titanate-barium titanate (BNT-BT), and potassium sodium niobate (KNN), which have comparable piezoelectric properties to other, lead-based piezoelectric materials. 2, 5, 8, 10 In addition to studying lead-free piezoelectric materials, researchers are developing ways to increase the electromechanical performance of piezoelectric energy harvesters. Most piezoelectric materials, including PZT and BT, are ceramics and, thus, incapable of handling high-intensity vibrations without fracturing. 1, 5, 13, 14 One method to overcome this problem is to fabricate two-phase energy harvesting composites. These composites include a piezoelectric ceramic, such as BT, to harvest the energy as the first phase and a polymer, such as epoxy (Ep), to provide flexibility and ease of integration as the second phase. 5, 14, 15 A consequence of incorporating a second phase into the composite, however, is that now only a fraction of the energy harvester is producing usable energy, which negatively affects the performance of the energy harvesting device. To counteract this loss, researchers have been developing three-phase energy harvesting composites, with the third phase being a conductive or electroactive material. 16 As a result, the performance of energy harvesting composites can be enhanced if an appropriate thirdphase material is selected. 17 Recent research into three-phase composites has used materials such as metal powders, graphene, and carbon nanotubes as the third phase, as the selected materials have high conductivities. [18] [19] [20] The third phase, however, does not have to be a conductive material. It could be a different type of material, such as a semiconductor, which would allow these composites to be incorporated into multifunctional applications; For example, in the work presented herein, zinc oxide (ZnO) was incorporated into the composite as the third phase, along with BT as the first phase and Ep as the second phase. ZnO is a semiconductor that is frequently used in solar cells for the n-type layer. 21, 22 Therefore, such BT-Ep-ZnO composites could be incorporated into solar cells to harvest both light energy from the sun as well as vibrational energy from the surrounding environment.
EXPERIMENTAL PROCEDURES
BT-Ep-ZnO composites with constant BT volume fraction of 0.40 were prepared using a solutionbased technique. The moles of BT and ZnO per liter of solution were held constant at 6.2 mol/L, while the ZnO volume fraction was varied from 0.01 to 0.10. The ZnO particle size ranged from 40 nm to 100 nm, whereas the BT particles were from 1 lm to 4 lm. The required quantity of ZnO for each volume fraction was measured and added to the required volume of ethanol in a beaker. Parafilm was used to seal the beaker, and the ZnO-ethanol mixture was sonicated for 1 h. After sonication, the required quantity of BT was measured and added to the beaker, followed by sonication again for 30 min. The required volume of epoxy resin was then measured and added to the beaker, followed by sonication for 1 h. Afterwards, the required volume of epoxy hardener was measured and added to the solution, followed by sonication for 10 min. The required quantities used are presented in Table I , and a schematic of the fabrication procedure is shown in Fig. 1 .
After the final sonication, 1 mL of the solution was applied to a 24 mm 9 24 mm 9 100 lm flexible stainless-steel substrate. The solution was then spin-coated in steps of 200 rpm from 0 rpm to 800 rpm for 2 min. The samples were then cured for 8 h at 75°C.
A modified Ultravolt high-voltage generator was used to pole the composites using a contactless corona plasma discharge method at voltage of 4.6 kV. A Keysight E4990A impedance analyzer was used to test the electrical and dielectric properties of the composites in the frequency range from 20 Hz to 10 MHz. A Piezotest PiezoMeter System PM300 was used to test the piezoelectric strain coefficients at frequency of 110 Hz with force of 3.5 N. Scanning electron microscopy (SEM, VEGA3; TESCAN) was used to analyze the surface morphology and particle distribution. ImageJ was used to count the total number of exposed particles and to calculate the cross-sectional area of the exposed particles in SEM micrographs. A MATLAB program was then used to count the number of particles with cross-sectional area of 0.050 lm 2 or less, corresponding to ZnO agglomerations based on the observed cross-sectional data. The MATLAB program then calculated the percentage of ZnO agglomerations using the equation
where N ZnO is the number of ZnO agglomerations and N Part is the total number of particles. Figure 2 shows the relative size and flexibility of the fabricated composites. The final composites were 24 mm 9 24 mm squares, and could withstand 90°bending without fracturing. The average thickness of the composites was 36 lm.
RESULTS
The data from the electrical and dielectric testing showed that the impedance, resistivity, and dielectric constant of the composites decreased as the frequency was increased from 20 Hz to 10 MHz; in addition, the conductivity of the composites increased as the frequency was increased. These relationships held true for all volume fractions of ZnO, as seen in Fig. 3 . These relationships are also consistent with expectations. At higher frequencies, the impedance analyzer applies more energy to the composites, which would make it easier for electrons to flow. Therefore, it is expected that the impedance and resistivity would decrease with increasing frequency, which matches the results. In addition, it is expected that the conductivity of the composites would increase with increasing frequency, which also matches the results, and the inverse relationship between resistivity and conductivity can be easily seen in Figs. 3 and 4 .
When looking at specific frequencies, however, the relationship between the electrical and dielectric properties and the volume fraction of ZnO can be seen. Figure 4 shows that, at frequency of 1 MHz, the impedance increased from 1106 X to 1778 X, the resistivity increased from 270.9 X m to 583.5 X m, the conductivity decreased from 2.347 9 10 À5 S/m to 7.507 9 10 À6 S/m, and the dielectric constant decreased from 5.313 to 2.078 as the volume fraction was increased from 0.01 to 0.03. For volume fractions > 0.03, however, the electrical and dielectric properties of the composites returned to near those of the composite with volume fraction of 0.01; For example, Fig. 4 shows that, at these higher volume fractions, the average impedance was 938.0 X, the average resistivity was 268.1 X m, the average conductivity was 2.754 9 10 À5 S/m, and the average dielectric constant was 6.020. These averages are < 20% different from the values for the volume fraction of 0.01. These regressions in the electron transport properties are a result of the interactions of the three phases in the composites, more specifically the interactions between the ZnO nanoparticles and the other phases. Since the quantity of ZnO nanoparticles varied the most for all volume fractions of ZnO tested, the contact resistances between the ZnO and BT (ZnO-BT) and between the ZnO and epoxy (ZnO-Ep) varied the most. Conversely, since the volume fraction of BT remained constant, the contact resistance between the BT and epoxy (BT-Ep) was constant. Therefore, at the smaller volume fractions of ZnO (i.e., at or below 0.03), the number of contact points within the composites increased with increasing volume fraction of ZnO; in return, the higher number of contact points increased the ZnO-BT and ZnO-Ep contact resistances, as well as the impedance and resistivity of the composite as a whole. At higher volume fractions of ZnO, however, the ZnO nanoparticles agglomerate more frequently, which significantly reduces the number of contact points within the composites. This reduction in the number of contact points causes the impedance and resistivity of the composites to regress to a state very near the performance of the composite with 0.01 volume fraction. This similarity in performance is a result of the composites with volume fraction of 0.01 and the higher values having a similar quantity of contact points.
In addition, due to the inverse relationship between resistivity and conductivity, the conductivity of the composites followed the same trend as the resistivity, but inverted as expected. The conductivity of the composites decreased as the volume fraction of ZnO was increased from 0.01 to 0.03, then regressed thereafter to a state very near the performance of the composite with 0.01 volume fraction. The dielectric constant also followed this trend, due to the nature of the effective (complex) relative permittivity of the composites, which is given by Eq. 
where r is the conductivity, x is the frequency of oscillation of the electric field, and e 0 is the permittivity of vacuum. Equation 4 can then be substituted into Eq. 2 to obtain Eq. 5:
which can then be rearranged to solve for the dielectric constant to yield Eq. 6:
which shows that the dielectric constant has a proportional relation with the effective (complex) relative permittivity, the dielectric loss, and the conductivity. Therefore, it follows that, if the conductivity of the composites increases, then their dielectric constant would increase as well, which can be seen in Fig. 4c and d. Figure 3c and d, however, appear to show the opposite, with the conductivity increasing and the dielectric constant decreasing as the frequency is increased. This is because the dielectric constant is inversely proportional to the frequency of oscillation (Eq. 6), which shows that the frequency of oscillation has a greater influence on the dielectric constant than the conductivity. The piezoelectric strain coefficient d 33 of the composites also followed a similar trend. Figure 10 shows the results of SEM micrograph postprocessing, where the percentage of ZnO agglomerations (with cross-sectional area of 0.05 lm 2 or higher) for volume fractions of 0.03 or less was nearly constant with an average of 22.0%. The percentage of agglomerations then increased from 24.32% to 46.96% for volume fractions > 0.03. The appearance of nanosized particles in the micrographs is a result of larger and more frequent agglomerations of ZnO for higher volume fractions. These agglomerations are caused by van der Waals forces between the nanoparticles during the solution-based fabrication and the curing of the thin films. 24, 25 This appearance further supports the relationship between the contact resistances of the three phases, since the increase of the agglomerations of the ZnO nanoparticles appears in the micrographs at the same volume fraction at which the electrical and dielectric properties of the composites begin to regress to the properties of the composite with volume fraction of 0.01.
CONCLUSIONS
Three-phase BT-Ep-ZnO multifunctional composites were fabricated with volume fractions of ZnO varying from 0.01 to 0.10 and constant volume volume fraction of ZnO from 0.01 to 0.03, while the conductivity and dielectric constant decreased. For volume fractions of 0.04 or greater, the electrical and dielectric performance of the composites regressed to the performance of the composite with volume fraction of 0.01. This regression is due to the microstructural contact resistances between the three phases in the composites decreasing as a result of the increasing frequency and quantity of ZnO nanoparticle agglomerations. Analysis and postprocessing of SEM micrographs supported this relationship, because ZnO agglomerations mostly appeared in the composites with volume fraction of ZnO of 0.04 or larger. Future work will include the design and fabrication of a working solar cell with these composites that will be able to harvest energy from photons as well as from mechanical or acoustic vibrations.
